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Abstract 



Peptides aHiesponding la Cbc N-tcrnunal 9 residues of stromal ccD derived factor-l (SW-1) have SDP- 1 
ecdvity. P^ddcs, concsponding to residues l-8» 1-9, and a disulfide linked dimer of 1-9, involving 
Cy9-9, induced cfaemotaxis in T lyoipbocytes and CEM cells* and bound the SDF-1 receptor, CXC 
chemokine receptor 4 (CXCR4). The pcpddcs had similar activities to SDF-I, but were less potent 
Whereas native SDF-1 had half maximal chemoattnictam activi^ at 5 oM, die 1-9 dimex and a 1-9 
monomer analog %ere 100- and 3600-foki less potent, respectivdy« Receptor desensfriwtion and 
ccmipeddon binding experiments indicated that die SDF-1 pqitid^ AsCys-9is 
involved in a disulfide bridge with Cys 34 in native SUP^l , it is possiUe diat the disulfide of the peptide 
dimer enhances its structural similarity to native proteia Overall this stody shows dsat the N-temunal 
region is sufficient to bind and activale CXCR4, which suggests the feasibili^ of designing small 
CXC!R4 agonists or antagonists. 
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IntroductiuD. 

SDF-1 is a mohber of the chemokine family of structurally iclated proteins that foKtbo as ocfl 
cbemoattractants (I). Although many chemokines hsve pro-inflammatoiy loles, SDF-1 vppem to have a 
fundamental loLe in the traffiddng export and homing of bom marrow cells (2, 3). It is produced 
constitntivdy. and particularly high levels are found to bone-marrow strc»nal cells (4, 5). A basic 
physiological lole is implied by the hi^ fevel of conservation of the SDF-l seq^uence between species 
(4). In vitro SDF-1 stimulates chemotaxis of a wide range of cells including monocytes and bone 
marrow derived progenitor cells (2, S). Partkulirly ootabk is its ability to siixnuiate a high percent 
resting and acdvated T Lymphocytes (S, 6). it is the only known ligand for CXCR4, a 7 tcansmcmfbiaoe 
Ttccgvx that has been variously described as LESTR (7), HUMSTR (8) and Fusin (9). CXCR4 is 
vndtiy expressed on cdis of henoppoietic origin, and is a major oo-reccptor for HIV*I (9). Consistenc 
with this dual role of CXCR4. SDF-L blocks HLV-l entry into CD4* cells (10, 11). 



The SDF-1 sequence incficates thai it belongs to the CXC fmoAy of chemokines, but has only about 22% 
identity with other chemokines (5). Dc^te die divergent pdmary structure, die lecendy described 3* 
<UmerisiQoal structure indicates duait has die same overafi fold as oto Forthennore, 
structure^activi^ analysis of SDF-1 (12) indicates importance of N-termiiuQ readoes 8 for binding, 
and residues 1 and 2 were impcstant for receptor activatian. Residues 12-17 located in Ifae Loop region 
play a role in binding but not activation. In die SDF-1 stiuctorc, die region N-tcmoinal to fbe CXC motif 
is highly disordered, but the Ux^ les^n immediately following the CX 

its backbone atoms. These two xenons have been identified as bdng important in other CC and CXC 
dieanokines (12-15). As widi other dietnokines, N-tenninal modification of SDF-1 led to disaodadon of 
binding and activity (12). Thus despite tat difiereoce in primary structure, from bodi a structural and a 
funcdcmal perspective, die general mechanism of receptw biiuling is similar for SH^l and odier 

chemotkines. 
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The key rde of the N-terminal le^on of die SDP-1 protein in receptor bin^g and acdvatioa suggests 
that the N-temumil itgion alone could be sufficient for hindiDg or activity. Here we show that peptides 
cone^onding to the N-terminal regioa bind CXai4 and have SDP-1 activity. A doner of SDP-l(l-9) 
was Ae most potent of the 4 pq^tides tested. 
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Bxperimental Procedures 

Fq?tide Synthesis. Thepeptidcs were prepared as described previously (13). The peptides were purified 
by HPLC and analyzed by mass speccrotnetry. tBoc^fr^nuoobutyric acid was used to prepare the analog 

SDF-l(l-9)[Aba 9] which had CHa-CHj in place of CHjStL The 1-9 peptide was (fimerizfid via a 
disulfide biidge formed by gentle oxidation of the cysteines using 10% DMSO in water. Dimer fonnakioa 
was verified, foUowiiig HPJjC purification, by mass spectrometry. 

Cell preparadon and cuiture. Human peripheral Mood cnononucleflr cells were isolated from donor blood 
buffy coats by centrifiigadon on Rcoll Paque. The celU wcic treated with phytobemagghitinin (1.0 
^.ml and expanded in the presence of IL-2 (100 Ujnl'^) for 7 to 17 days as described (16). These 
cells are lefierred lo as T lymphocytes". CEM cells, a human lymphoblastoid CD4^ T odl line, was 
cultured in RPMI cnedimn containhg 10% FCS. 

fCd'Vj changes. T lymphocytes and CEM cells loaded with Fura-2 were stimulated with the indicated 
agoinst, and the lC2a^]^Iated fluorescence chan^ were recorded from 0-60 s (17). Receptor 
desen^tization was tes^ by moiutotring changes during sequential additions at 60 sec intervals 

Chemotaxts. Migration of T lymphocytes was assessed in 48 well chamben (NeuroProbe, Cabin John, 

MD) using oollageiKX>ated polyvhxylpyxrolido&frfree polycaibcsate membrBncs with 3 |un pores (16). 

Migrated cells weic counted in five randonily selected fidds at lOOOx rnag^ 

h. Disposable TiamweU charnbets widi a diamets of 6^ xnm and membrane pore 

used to assay cbemotaxis of CEM cdls (Costar, Cambridge MA). The agonist, in Hepes-bufEcred RPMI 

1640 si^^tenented vndi 10 mgjnl'' BSA (0.6 ml), was added to flie lower well, and 0.1 of CEM 

cells (lx10^ml*') in die sarne medium was added to the upper wdls. After 3 h. cells that migrated to the 

lower welb were coimted. Chemotactic migrstion was detcmuned by subtraction of cells migrated in 

medium alone. AU assays were performed in duplicate. 
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CXCR4 Receptor Binding. Compedtion for binding of '^-labeled SDF-1 to CRM celis was carded out 
as described (12). MCP-1 and RANTES binding was cncasured on THP-1 cdls as documented elsewhere 
(14). 
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Results 

I 

N'termnal SDF-I Peptides, The N-tenninal residues of SDF-1 arc critically involved in reocpior 

recogoition and ac:tivation (12). Wc have, thettfoie, examined chemically synthesized N-tcmiinal 

pqitides of SDF-1 for fiuictkmal activity. Then peptides contspondcd to the first 8 or 9 tesidiies of 

SDF-1. In addidon to the 1-S ^ 1-9 peptides, a dimcr of 1*9, and analog I-9[Aba-9] in which CH,- 

CH3 replaced the side-chain of cysteine, were prepaied and tested for fimcdonal activity and receptor ' 

binding. The masses of the pqitides and native SDF-1 were consistent with die sequences shown in Fig, | 

• - 1. 

I 

SDF-l N'temiiUil peptides are chemotactk. Both the 1-8 and 1-9 peptides induced dose-dqpeQdent 1 
chemotaxis of C£M cells (Fig. 2a), Ibe concentrations lequiied for 50% of Hit oaxinttl response ' 
(EC50) are summarized in Table 1. TheEC50was3.8x iQ-^Mfor l"8;5ix l(r*Mforl-9;and5x lO" 

t 

• M for native SDF-L Thus the 1-9 pq>tide Is about 1,000-fbld less potent than native SDF-1. The 1-9 , 
peptide was 7'fold more potent than the 1-8 peptide. The N-termindl peptides were also tested on T > 
lymphocytes (FLg. 2b) and the results were amilar to tiiose obtained with CEM cells, except that T ^ 
lynq>hocytes were somewhat less responsive to die N-terniinalpqitides. The oesalts clearly show tiiat iBtx 
1-9 and 1-8 peptides have SDF-1 like activlQr, but have idativdy low potency. The chemoattiactant ^ 
0 activity cf 1-9 was fuUy inhitnted by the SDF-1 antagonist, SDP-1(1-67XP2G] (12), but not by an IL-8 

antagonist whic^ blocks CXCRl (18) as shown in Fig. 3. These fincfings further suggest that the 1-9 
peptide is sinular in Its functional properties to native SDP-l. 

border to e^lcse tiiepossbility tiiat the low potency of the N-tenmna] peptides is due to die lack of a 

second binding site, we tested whether activi^ could be enhanced by co-adtfition of a folded fragment ' 

corresponding to SDF-l(9-67), which lacks residues 1-8. Thus die entire SDF-1 structure was availaWc 

to die receptor, but as two s^wate molecules. SDF-U9-67) alone did not bind CXai4 at the 

concentrations used (12). Chemotaxis, moUlization of cytosohc free calcium and receptor Unding of 1-8 
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or 1-9 were not affected by the addition of SDF-1(9'67) (not shown). Thus no synergy could be 
dononstratDd. 

Activity of SDF-1(I*9) dimer. We tested two possible mechanisms that oouM account for the 7-fold 
diSercnoe between the 1-9 and 1-8 peptides: first whether the increase in length was icspondble and 
secondwhether l-9fornisadin»viaCys-9diatisinateactivedm l-9ni^^ To detomtne if the 
extra residue in 1-9, was responsibk for its hi^ber activr^ we prepared an analog of 1-9 with Cys-9 
replaced by Aba, a non-thiol-containing amino acid. The resulting pq>tide. l-9IAba-91 had smilar 
activity to the 1-8 peptide, indicating diat<he extra residue alone was not tic basis for the higher potency 
of 1-9 (Fig. 2a]. As this l-9[Aba) peptide could not dimerize via a disulfide bridge, we refer to it as the 
1-9 monomer analog. Although the 1-9 used in these e^qpenments was isoJated as Oe iDonomer form, it 
has the potential to qiontaneously form a disulfide linked dimer after isoladon. To examine die 
possibility that the 1-9 formed a dimer with higher activity, we oxidized 1-9 to its disulfide bridged dimer 
form and isolated die dimer. The pudfied 1-9 dinoer had higho activity than eidier 1^ (10-fold); 1-8 (7S- 
fold). or the l-9[Aba-9] monomer analog (36-foki). The activity of 1-9 dimer was agnificant, but it was 
still lOO-fold less potent than native SDF-1 (TOit 1). Thus« the hypothesis that the 1-9 partially 
dimerlzes acooundng fcff its higher potency is conect 

Receptor binding qf the SDF-I peptides, CEM cells were used to d^ermine the binding of the SDF-1 
peptides to CXCR4 (12). Ihc ccxi^ietLtion for binding of '^I-labded native SDF-1 by unlabeDed native 
SDF-1 andthcN-tenninalpcpddesissbowniD Bg. 4. The IT^ values are snnunatized in Tsible 1. The 
competition by both the 1-8 and l-9[Al>a-9] peptides was incomplete, so a icliaMe could not be 
determined. The 1-9 dimer pepdde had 7S-fold lower affinity dian native SW-l. In comparison die 1-9 
peptide was 1500-fold lower affiniQr than natne SDF-L Ibe binding data approximately corresponded 
with the chonotaxis results. To dctcaminc whether the N-tcnnnial peptides bind to otiier chereokiDe 
iccq>tois, con5)ctitioo for MCP-1 or RANTES binding to THP-1 cdls was measured. THP-1 cdls 
express CXCR4 as wdl as a number of CC chcmokinc receptors, including receptors for MCP-1 and 
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RANHES. like native SDF-1, the peptides did notcornpete for the faindiQg of other MCP-1 or RANTES 
(not shown). 

SDFJ peptides ore specie for CXCR4. In agcoement with the cherootaxis data, native SDF-i and the 
N-tenninal peptides induced a rapid and transient rise in cytoplasnnc caldnm concentiation, (Ca^]^ , in T 
lynipbocytes (Hg. 5a) as wcJl as CEM cells (not shown). Ihe rate and magnitude increased widi the 
conccntiBtion. Whereas a response to SDF-l was observed at I x 10* M, the peptides induced IGr^*1< 
changes in the ndoomolar range. Recqto usage by the SDF-l pq)tide5 was assessed by momtodng 
ICa^^J, changes after setiueniial stimulation. As shown in Fig. 5a, treatment of Tlyinphocytcs widi SDF- 
1 cooqiletdy abolished the icaponsivakess to the 1-9 peptide* and conversely, the 1-9 pq>t]de also 
markedly attenuated the response to native SDF;1. The 1-9 dimcr (50 pM) completeily desensitized the 
response to subsequent native SDF-l (not shown). No ^ect on die response to die 1-9 peptide was 
observed when T lyn^hocytcs were pre-stimulated widi M<y-1, RANTES, MIP-lp, IPIO, or Mig (Fig. 
5b). The selccdvity of these chemokines (1) inqilies that SDF-l peptides Hwyfyqti'7r CXCR4 but not 
other cbenu)kine receptors including aCCIG»CCRU<^^ No response to eotaxin. 1-309 

orTARC(Rg.5b) was obtained wifti these cells under tiie conditions used« and as expected^ they (fid not 
desen^tize 1-9. Taken together these data show dut the 1-9 peptide binds and activates CXai4, and in 
addition indicate that it is speofic for CXCR4. 
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Discussion. 

We have shown Aac N-tennmal peptides of SDF-1 activate CXCR4 Peptides concsponding to 1-8, 1-9 
and the dimer of 1-9 bind CXCR4 and sdmulate SDF-1 functions. Although lesidues in fhe N-t^rminBl 
region of odier chemoldnes are sescraUy cridcal for iecq>t<H^^vatioo, N-tenmnal peptides do not bind 
and sdmulate chenx>kiDe function. Thus SDF-1 is an exception in its nuninial leqidrennent for reoqitor 
activation. 

Experiinents in which hybrid chemokines were prepared wth the N-tetmina! 8 residues of SDP-1 "cut 
and pasted" into the coirespontfinf position of to CXC cbemoldnes, GROa or IPIO, showed that the 
SDF-1 N-ierminal nxnif was sufficient to confer SDF-1 activity on to these chemokines (12). lYuncation 
and substitution experiments supported the conclusion diat the N-tominal domain of SDP-1 contains the 
major determiiiams of CXC314 bbdiag and activation. Modification of only the N-teixrana] 2 residues of 
SDFl resulted in CXCR4 antagonists indicating that the leo^tor aE:tivadon site is in the N-tcnninal two 
residues (12). These experiments denx>nstrated the aitical roLe of the N-tennmal region in SDP-1 
functiozL, and suggested the possibility that the K-terminal peptides akme could be functional 

The disulfide^inked dimcr of SDF- 1(1-9) peptide was considerabty more potent than the 1-9 peptide 
monomer. A cystine modified fcvm, l-9[Aba-9]. that did not fono a dimcr was also act^ 
less potent tfian the 1-9 peptide. This indk:ate5diat the cy^eine is in^octant for tlm higher potency of tl^ 
1-9, and it Is likely that this is doe to spontaneoi^ partial dimer formation in sohstion. In native SDF-1, 
Cys^nonnaOypaiticqiates in a disulfide bridge between reside Thus, the disulfide facid|se 

of the 1-9 dimer codddirecdy enhance binding to die iecq>tor. A second alternative is that dimcnzatioa 
ccttld change die coofcnnation of the 1-9 binding motif resulting in an enhaiKoedl^ Aflmd 
possibility is that one half of the dimer tnnds the activation site, but Ae odier half could bind to olber 
receptor sites, perhaps duetosiniilaritiesiatbeposLtivechargeaf tiieN-teiniinalinodf and other binding 
sites on the SDF>1 protein. Fbther e3q)eiiments win be required to detomtne Ac mediainsms involved 
The fact that native SDFl binds as a monomer, and not as a cfimcc (12), indicates Oiat only one 1-9 motif 
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oormally binds to the receptor site, however, our experiments have not formally ruled out die posaboiity 
dia die dimcr binds at two separate sites on one receptor, or cross-linl^ ThisisunlD^y 
from tt% forgoing discussion of the mechanism of acdon of die 1-9. 

The mechanism of CXCR4 activatioa by d» SDF-1 pqnides is suggested by die rcccndy solved 3D 
structure* and 5tructure-acti\aty relationships of die native piotdn (12). Tbc 'H-NMR structme of SDF-1 
shows tai die N-tenninal region is entirely solvent accesidbLe and has no detectat^ protein-protein 
interactions and dierefore is expected to be highly flexilde. It is reasonable to propose that die N-tcxmina] 
region establishes specific inteiacdons, and adopts a wdl defined confonnadoa when SDJE^l binds to 
CX(^4. WhendieN-terminalicgianisx^rescatcdasapeptkkinsohitioadsenit wo^ 
be solvent e^sed and flexible, and also adopt a receptor bound coof oranadon. 



There are iwo possible reasons for die diffeience between die N-tenninal pepddes of SDF-1 and diose of 
odier chemokines. Brst, a substantial Ixxly of work had lead to a modd in vAiich there axe two 
chemokine tec^tor intenction sites» die initial interaction occurs widi a aile in die loop re^on ttiat 
follows die CXC or CX: (12-15, 18-20). This interaction facititates dve subsequent binding of die N- 
terminilre^ontoaburiedsheindiereoeptrff (12, 15). Therefore interacdoo of die loop repon widi die 
leccplor could be required for activity of diese odier NHominal pept^ (15). SDF-1 also exhibhs 
faindmg in the loop region. However, die actWityoftheN^ondnai peptides denioiistza^ 
of SDF-l,die loop is not an absohite requirement Theseoondpossiblercasonfor the lack of binding <^ 
die N-terminal pq)tides of chenddnes other dian SDF*1 is dial in the absence of die native protein 
context, diey did not adopt a receptor bound confonnation. Qiemokines have two disulfide bridges dut 
andior die K-tcmdnal region to die lemainder of die protein stnictute. Both disolfide bridges are 
inq>ortantf(tf function, and we have proposed diat diey provide an essential scaffold dot allows die f4- 
teninna] r^;Lon and die loop region to adopt the opdnial bound con^^ 

The afGnlty and potency of die N-teiminal SDP-1 peptides ate lower dian diose of die native protein. 
Thus the pepddes can bind CXCR4, but not as cffideady as native SDP-1. Simiiar arguments to diose 
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above cooid account for the diffexeoce in potency. Tht low affinity could be due to the lack of the loop 
binding site on ttic N-terminal peptide or to suboptimal oonfonnatioii of the peptide^ So far no attcinpts 
have been made to opnraiic the function of SDF-I peptides by cban^g their covalent stmctoie. 

Stable low moleculai weight non-pepcide Hgands are pcefened for thei^icotk applicationa. SDF-1 ii the 
€0-reoq)tor for HIV and is involved in hemopoietic cell homing. Sevaal oon-chemokine Rioleculea have 
been found to inhibit HTV and it was ^owa dial they target CXCR4 (21-23). However none of these 
have SDF-1 acdvity. Antagonists <tf chemokines are likely to be the most osefbl variants for therapeutic 
usage, and we have demonstrated diat modification to N-terminal sites of aevcal chenxikines, ind n riing 
SDF-1, results in antagonists. Many 7-tiansmembrane receptors have small molecule natural ligands and 
have been successfully targeted by analogic to geoenUe phannaceutical compounds. However protein 
ligauds such as chemokines. which have larger binding surfeces and depend on cooperative interacdons 
present a more complex chemical problem Tie results with SDF-1 pcpddes indicate that it would be 
feasible to target die N-terminal region alone. These peptides could be leads for die generadon of low 
molecular weight high af&nily CXOU agonists or antagonist 

AcknawtedgmMts - We diank Lnan Vo, Philip Owen and Michael VTiUiams for dicir ejqpcrt technical 
assistance widi the synthesis and characterization of the peptides and proteins. 
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1 Abbreviations used: 

SDF-L, stromal cell derived £actor-l; Aba, a-arTrino-(n)-butyric add; CXCR» CXC chcmokinc receptor; 
OCR, CC chcmokinc receptor [Ca*^i. intracellular concentration of cafcium iods; GROo, growth related 

protdn-o; IL-8 interleukin-S; IPIO, T-inlerferon inducitdc protein-10; Mig, monokine induced by 

interferon-Y: MIP-ip^ macropl^ Biflammatocy protein-l^; RANTES, legulated on activation nonnal T 
ceD cjqnessed; TARC, thymus and acdvadon-iegulated cbemokis& 
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I^oia 



Table 1. Summary of the rdative potencies of SDF-1 peptides 





BindinK 


ChemoUctic activity 


Peptides 


KiS (nM)' 


Fold iDcreaac* 


ECSO (nM)* 


Fuld increase' 


SDF.l 


9±3 


I 


S±l 


I 


SDV, l-B 


e 




37,500 ± 10.60C 


7400 


SD¥, 1-9 


13,900 ±5^ 


1,500 


5.200 ± 3.800 


1,040 


SDK, l-9[Aba-9] 


e 




17,800 


3,600 


SDF, 1'9 Dimer 


67U±110 


75 


SCO 


100 



' K^s were calculated from CEM cell binding curves derived in 2-6 expetimcats, wi& Tcsults similar io 

those in Fig. 4, using Scatchard methods. 

^ The fold inaease in JC^ was calculated lelBttve to native SDF-1, 

^Tbecbemotaxis ECSO was calcoIatBd from the CBM ceil Results aie presented as die 

mean ± SD from 2 G^jcriments. 

' Fold increase in chcmotaxis ECSO was calculated relative to 
not detennined (see textji 



17 



'03/13/68 FKI 16:12 FAl 



CA 02226391 1998-03-J3 



Figure legends 

figure L Sequences of n&tlve SDF-1 and the N-tenninal SDF-1 peptides. 

Figure 2. Chemoattractant activity of SDF-1 pqitidcs. CcmoentFatioii dependent nugcadon c^f OEM 
cclls(a>; and T-Iymphocytcs (b), in tcspon&e to the SDF-I peptides: 1-8 ( □ }; 1-9 ( A ); 1-9 dimer ( 

▲ ); and l-9[Aba] ( Q ); and in response to nadve SDF-1 ( • \ Data are shown is the noean ± SD of 
migraccd cells. Similar results wcte obtained in two additional experiments 

Figures. Chemotajus inhibition by chemoldne antagonists. CEM cell migradan induced by SDF-l(l- 
9) peptide (LO (iM) in the presence of the indicated concentratiDns of the SDF-1 antagonist, SDF-l(l- 

67)[P2G] ( O ); or die 11^8 antagonist, IL-8(6-72) ( O ). Migration is aq»rcssed as percent of the 
response obtained in the absence of antagonist (control, ■ ). Data are the means ± SD of duplicate 
detenninations &om 2 separate cs^Kiimcnts. 

Figure 4 Receptor binding of SDF-1 peptides. Compctitian for specific binding of ^^-SDF-1 (4 nM) 
to CEM cells by 1-S { □ ); 1-9 { A ); 1-9 dimcr ( ▲ ); l-9lAbe-9[l ( EB ); natwc SDF-l { • ). TTje 

pcn:cncage q^ecificcpmboimd in the absence of Doa^tor(B), is show^ Rqireaentative results 6om 
2to6e3q)erinients. 

Figure 5. Receptor sebctlvity of the SDF-1 peptides. T lymphocytes that were loaded with Fura-2 
were sequentially sti mu ia t ed with chemoldnei and 51^-1(1-9) and Ac rcsuhing (Ca^i dq>endent 
fluorescence changes were recorded, (a) Gross-desensitiiationof SDF-1 and the 1-9 pqKide. (b) Lack 
of desensitizadon of SDRl(l-9) by the indicated CXC or CCcheniokina Hic chemoldnes were added 
at 100 nM, except for SDF> I which was added at InHfoUowed by addition of the 1-9 pepdde C30mM} 
aftcr6Qs. The results shown arc rcprcsaitative of 2-3 indq)endentexperin)ents. 
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